Abstract: Soybean mosaic virus (SMV) and peanut mottle virus (PMV) are two potyviruses that cause yield losses and reduce seed quality in infested soybean (Glycine max (L.) Merr.) fields throughout the world. Rsv1 and Rpv1 are genes that provide soybean with resistance to SMV and PMV, respectively. Isolating and characterizing Rsv1 and Rpv1 are instrumental in providing insight into the molecular mechanism of potyvirus recognition in soybean. A population of 1056 F 2 individuals from a cross between SMV-and PMV-resistant line PI 96983 (Rsv1 and Rpv1) and the susceptible cultivar 'Lee 68' (rsv1 and rpv1) was used in this study. Disease reaction and molecular-marker data were collected to determine the linkage relationship between Rsv1, Rpv1, and markers that target candidate disease-resistance genes. F 2 lines showing a recombination between two of three Rsv1-flanking microsatellite markers were selected for fine mapping. Over 20 RFLP, RAPD, and microsatellite markers were used to map 38 loci at high-resolution to a 6.8-cM region around Rsv1 and Rpv1. This study demonstrates that Rsv1 and Rpv1 are tightly linked at a distance of 1.1 cM. In addition, resistance-gene candidate sequences were mapped to positions flanking and cosegregating with these resistance loci. Based on comparisons of genetic markers and disease reactions, it appears likely that several tightly linked genes are conditioning a resistance response to SMV. We discuss the specifics of these findings and investigate the utility of two disease resistance related probes for the screening of SMV or PMV resistance in soybean.
Introduction
Plants have evolved sophisticated resistance mechanisms to counteract pathogen establishment. The gene-for-gene interaction, first described by Flor (1955) , has served as a paradigm to explain many interactions between plants and bacterial, fungal, nematodal, and viral pathogens; a single resistance gene in the plant recognizes signal molecules produced by the corresponding avirulence gene of the invading pathogen, consequently evoking a cellular response that results in pathogen containment and death.
Disease-resistance genes in various plant species have been observed to exist as members of gene clusters. A cluster of disease-resistance genes may convey specific resistance to either variants (e. g., races or strains) of a single pathogen or diverse phytopathogens (Bent 1996; Crute and Pink 1996) . One purported evolutionary advantage of clustering is that multiple specificities can be maintained in a single haplotype (Crute and Pink 1996) . Moreover, tight linkage between cognate sequences of complex loci may enable the generation of novel specificities through gene conversion, unequal crossing over, gene duplication, and (or) birth and death processes, thus permitting co-evolution with corresponding pathogen populations .
Most characterized disease resistance genes encode a putative protein for the defense signal transduction cascade. Structural domain similarities shared between resistance genes have allowed their categorization into different classes. A major class of cloned disease resistance genes includes those that encode N-terminal nucleotide-binding site (NBS) and C-terminal leucine-rich repeat (LRR) domains (Bent et al. 1994) . Conserved NBS-encoding sequences have been amplified from numerous plant species using degenerate PCR primers. Many of these resistance-gene candidate NBS sequences have been shown to either map near or cosegregate with resistance-gene loci (Kanazin et al. 1996; Leister et al. 1996; Yu et al. 1996a) .
Rsv1, a soybean mosaic virus (SMV) resistance gene, is a constituent of the diverse disease resistance gene cluster on soybean molecular linkage group (MLG) F. Tightly linked loci of this cluster include Rpv1 (conferring resistance to peanut mottle virus), Rps3 (resistance to Phytophthora root rot), and Rpg1 (resistance to bacterial blight) (Roane et al. 1983; Diers et al. 1992; Ashfield et al. 1996) . Quantitative trait loci for resistance to root-knot nematode, corn earworm, and Sclerotinia stem rot are also present in this chromosomal region (Tamulonis et al. 1997a (Tamulonis et al. , 1997b Rector et al. 1999; Arahana et al. 2001) .
Our research has focused on cloning and characterizing disease-resistance genes from this economically important disease-resistance gene cluster in soybean. Yu et al. (1996a) isolated two classes of NBS sequence, classes b and j, that map to the resistance gene cluster on MLG F. The fulllength NBS5 (class b) gene is highly homologous to the Toll-Interleukin-1 cytoplasmic receptor (TIR) subclass of NBS-LRR disease-resistance genes and maps to a single locus on MLG F . Conversely, NBS61 (class j) resembles a second subclass of NBS-LRR diseaseresistance genes lacking a TIR domain (non-TIR) in the transcribed product. This NBS sequence is one member of a high-copy NBS-LRR gene family mapping to MLG F (Yu et al. 1996a ). R14, another member of this gene family, was isolated using a modified AFLP approach . Twelve non-TIR-NBS class j members from the Rsv1 resistant line, PI 96983, have been characterized and map to a single locus (or several tightly linked loci) flanking the Rsv1 gene (Jeong et al. 2001) . Some of these sequences may encode portions of functional resistance-gene products.
In this study, we describe the development of a highresolution genetic map at the soybean Rsv1 and Rpv1 loci. The map is saturated with disease resistance related markers that are tightly linked to Rsv1 and Rpv1. Most importantly, these disease resistance related markers will facilitate cloning of Rsv1, Rpv1, and other multigene family members on linkage group F of soybean.
Materials and methods

Plant genetic materials
A soybean F 2 mapping population of 243 individuals from PI 96983 (Rsv1, Rpv1) × Lee 68 (rsv1, rpv1) was used for constructing a genetic map at the Rsv1 chromosomal region. The number of F 2 individuals in this mapping population was extended to 1056 by incorporating a newly generated subpopulation of 813 F 2 individuals. Therefore, a total of 1056 F 2 individuals were used to develop a high-resolution map around the Rsv1 and Rpv1 chromosomal region.
Eleven soybean cultivars and breeding lines were used as differentials for confirming virus reaction and for additional genotyping using resistance gene specific markers. PI 96983 and 'York' (Rsv1-y) each have a resistance allele at both the Rsv1 and Rpv1 loci (Roane et al. 1983; Chen et al. 1991; Bagade 1998) . L81-4420 is a near-isogenic line (NIL) of 'Williams' carrying RSV1 and Rpv1 derived from PI 96983. 'Buffalo' and 'Kwanggyo' (RSV1-k) each contain a resistance allele at the Rsv1 locus and a PMV resistance gene at an undefined locus (Bays et al. 1986; Chen et al. 1991; Yu et. al 1994 Yu et. al , 1996b Bagade 1998) . PI 507389 (Rsv1-n), 'Ogden' (RSV1-t), and 'Marshall' (RSV1-m) each carry an Rsv1 resistance allele and are susceptible to PMV-P1 (Bays et al. 1986; Chen et al. 1991; G.R. Buss, unpublished data) . 'CNS' has a single, dominant PMV resistance gene (not Rpv1) and gives a susceptible reaction to SMV-G1 (Bagade 1998) . Both 'Williams' and 'Lee 68' are susceptible to SMV and PMV.
Recombinant screen at the Rsv1 locus
The high-resolution map is based on a genetic map containing 38 mapped marker loci around Rsv1 on linkage group F, which was initially developed using a mapping population of 243 F 2 individuals. From this mapping experiment, we identified three microsatellite markers tightly linked to Rsv1 and thus also linked to other members of the resistance gene cluster on MLG F (e.g., Rpv1, Rpg1, Rps3, etc.) . Microsatellite markers Hsp176, 64-A8C, and Satt120 were employed to screen the additional 813 new F 2 individuals used to extend the original mapping population. Based on the marker data, 91 out of 813 F 2 lines carry a chromosome with a crossover between two of the three Rsv1-flanking markers. These 91 informative F 2 lines were used for fine mapping the region around the Rsv1 and Rpv1 loci, and a high-resolution map based on the full population of 1056 F 2 individuals was constructed.
DNA extraction
Young trifoliolate leaf tissue from the 813 field-grown F 2 individuals was collected. Soybean DNA was isolated by the cetyltrimethylammonium bromide (CTAB) extraction method described by Doyle and Doyle (1987) .
Two-week-old trifoliolate leaf tissue was collected from individual F 2 plants for each of the 243 individuals. Similarly, two-week-old trifoliolate leaf tissue was collected and bulked from 15-20 F 2:3 plants for each of the 91 recombinant F 2 individuals to make DNA representative of the F 2 plant for RFLP analysis. Soybean genomic DNA was extracted from powdered freeze-dried tissue with CTAB extraction buffer, adhering to the protocol described previously by Saghai Maroof et al. (1984) . The DNA from the 243 F 2 and 91 F 2:3 lines was used for genotyping one RAPD, four SSRs, and 19 RFLPs.
RFLP analysis
RFLP was achieved following previously published procedures (Yu et al. 1994; .
RFLP probes gG and eG were derived from a genomic clone isolated from a lambda library of 'Williams 82' (susceptible to SMV and PMV) hybridized with the class j probe NBS61 (Yu et al. 1996a ; A.J. Hayes and M.A. Saghai Maroof, unpublished data). Analysis of gG and eG determined they were both from regions flanking a class j candidate disease-resistance gene (A.J. Hayes and M.A. Saghai Maroof, unpublished data) . RFLP probes T3G and gGsp were developed from genomic clones isolated from a lambda library of 'Williams NIL' L81-4420 (containing Rsv1 and Rpv1 from PI 96983) hybridized with gG. T3G was used as a probe to isolate an additional genomic clone from the above L81-4420 lambda library. RFLP probe 3T3G1 was developed from this clone (M.A. Saghai Maroof, unpublished data). T3G and 3T3G1 are derived from the 5′ untranslated region and gG, eG, and gGsp are derived from the 3′ untranslated region of class j candidate disease-resistance genes (M.A. Sagahi Maroof, unpublished data). Additional framework soybean RFLP clones were provided by Dr. Randy Shoemaker (Iowa State University -United States Dept. of Agriculture -Agriculture Research Service, Ames, Iowa).
Microsatellite analysis
Four microsatellite markers (Hsp176, 64-A8C, Satt510, and Satt120) were employed for high-resolution map construction. The microsatellite procedure was as described by Yu et al. (1994 Yu et al. ( , 1996b and . Drs. Perry Cregan (USDA-ARS, Beltsville, Md.) and Roger Innes (Indiana University, Bloomington, Ind.) provided primer sequences for microsatellite markers used in this study with the exception of Hsp176.
RAPD analysis
RAPD analysis was performed adhering to the protocol described previously by Williams et al. (1990) . PCR amplification was performed in a 25-µL reaction containing 25 ng of F 2:3 genomic DNA; 0.2 mM primer (OPN O-11; Operon Technologies Inc., Alameda, Calif.); 200 µM each of dGTP, dTTP, dATP, and dCTP; 2.5 mM MgCl 2 ; 1× reaction buffer (20 mM Tris-HCl (pH 8.4) -50 mM KCl), and 1.0 U Taq DNA polymerase (Gibco-BRL Life Technologies, Rockville, Md.). The reaction mixture was denatured at 94°C for 3 min, followed by 42 cycles of 94°C for 1 min, 37°C for 1 min, and 72°C for 2 min, with a final extension step of 72°C for 3 min. Li et al. (1998) initially demonstrated a linkage relationship between Rsv1 and OPN O-11.
SMV and PMV assays: Rsv1 and Rpv1 genotyping procedures
Progeny tests were done to determine the Rsv1 genotype for each of the 243 F 2 individuals and 91 recombinant F 2 individuals. Between 15 and 20 10-day-old seedlings from each of the 334 F 2:3 lines were inoculated with an SMV-G1 strain Virginia isolate (Hunst and Tolin 1982) as previously described by Chen et al. (1991) . Similarly, progeny tests were done to determine the Rpv1 genotype for each of the 91 recombinant F 2 individuals. For this purpose, an additional 15-20 10-day-old seedlings from each of the 91 F 2:3 lines were inoculated using PMV-P1 (Bays et al. 1986 ) following the procedure developed by Tolin and Ford (1983) . Symptoms for SMV and PMV were recorded 7 days after inoculation. Reactions of individual plants to SMV-G1 and PMV-P1 were recorded as resistant (symptomless), susceptible (systemic mosaic or mottling symptoms), or necrotic (systemic necrosis). Three additional observations were made at one-week intervals after the initial reading. Susceptible plants inoculated with SMV-G1 displayed transient systemic vein clearing, followed by a rolling or distorting mosaic in the younger leaves. Eventually, leaves at the third or fourth node above the inoculated leaf became dark green and crinkled. The disease symptoms induced in leaves of susceptible plants by PMV-P1 ranged from systemic mild mottle to severe mottle accompanied by leaf crinkling. Systemic necrosis caused by either PMV-P1 or SMV-G1 was expressed as plants showing bud blight, systemic veinal necrosis, and (or) systemic necrotic lesions on the leaves. The growth of necrotic plants was often severely stunted, and necrotic plants sometimes died. SMV-G1 and PMV-P1 were propagated separately on the susceptible soybean cultivar Lee 68 in the greenhouse. PI 96983, 'Lee 68', and a set of soybean differentials ('York', 'Marshall', 'CNS', and PI 507389) were inoculated to confirm the effectiveness of inoculation and verify the identities of the SMV and PMV strains used in this study. F 2 lines that possessed a resistance genotype (Rsv1 or Rpv1) not in concordance with their marker data or unusual disease reaction data (SMV or PMV) were retested by inoculating a further 15-20 F 2:3 progeny to confirm the resistance genotype.
Linkage analysis
The marker data generated from scoring 1 RAPD, 4 SSRs, and 19 RFLPs (24 markers detect 38 loci) on the 243 F 2 and 91 F 2:3 lines was combined with the SMV (from 243 F 2:3 and 91 F 2:3 ) and PMV (91 F 2:3 ) disease reaction data. We inferred genotypes for each of the 722 non-recombinant F 2 lines using marker loci Hsp176, 64-A8C, and Satt120. The most probable order and map distances were ascertained by multiple linkage analysis with the computer program Mapmaker 3.0 at LOD = 3.0 and a maximum Haldane distance of 50 cM (Lander et al. 1987) . We executed the genotypes command and then visually scanned the data to identify unusual marker orders.
Results and discussion
Construction of the high-resolution map
The 91 F 2 individuals having a recombination breakpoint between two of three Rsv1 flanking markers were separately scored for their Rsv1 and Rpv1 genotypes (see detailed description in Materials and methods under Recombinant screen at the Rsv1 locus). Subsequently, 38 loci detected by 24 markers were scored on the 91 recombinant F 2:3 lines. These markers include one RAPD, four SSRs, and 19 RFLPs. Twelve of the 24 markers were anchors to aid in construction of the high-resolution map. The 38 marker loci scored on the 243 F 2 and 91 recombinant F 2:3 lines were placed with respect to Rsv1 and Rpv1. These two resistance genes map 1.1 cM from one another in a single mapping population of 1056 F 2 individuals (Fig. 1) . In all, the 40 loci mapped to a defined chromosomal interval of 6.8 cM.
We employed NBS probes to tag members of the multigene resistance family on linkage group F that have similarities to NBS-LRR-type disease resistance genes. Seven RFLP probes used in this study are homologous to NBS-encoding sequences. NBS61, R14, NTN1, NTN5, NTN8, and Z40a belong to NBS class j (non-TIR-NBS), whereas NBS5 represents the class b TIR-NBS (for a review see Jeong et al. 2001 ). NTN1 detects four loci (NTN1a to NTN1d), and the remaining six NBS probes detect one locus each (Fig. 1) . The seven NBS class b and j markers cluster within a 1.7-cM region around Rsv1 and Rpv1, but most notably the locus NTN1d cosegregates with Rpv1. Also, NBS5, R14, and NTN5 cosegregate, demonstrating a tight linkage relationship between TIR-NBS and non-TIR-NBS sequences in soybean.
Five RFLP probes used for mapping are derived from genomic DNA flanking a class j resistance gene candidate. The RFLP probes gG and eG were isolated from a genomic clone of 'Williams 82', whereas gGsp, T3G, and 3T3G1 were derived from genomic clones of the NIL L81-4420 (see Materials and methods for further details). The gG and eG probes detect seven (gGa-g) and four (eGa-d) dominant polymorphic RFLP bands on a Southern blot of HindIIIdigested genomic DNA from PI 96983 and 'Lee 68', respectively, that map within a 1-cM region around Rsv1 and Rpv1 (Fig. 1) . Most notably, gGb, an RFLP band detected in PI 96983, cosegregates with Rpv1. Probe gGsp is derived from the same 3′ region as gG (M.A. Saghai Maroof, unpublished data). This probe encompasses a 500-bp insertion-deletion (indel) present in some members of the class j gene family (M.A. Saghai Maroof, unpublished data), thus detecting a subset of the bands detected by gG (See Fig. 2 legend) . RFLP bands hybridized by probes gGsp and T3G cosegregate with Rsv1, and a single recombination event (0.1 cM) separates them from 3T3G1 (Fig. 1) . All of the polymorphic bands detected by gG, eG, and gGsp were scored as dominant markers because of the ambiguity in associating allelic bands. T3G and 3T3G1 detect one locus each. The clones gG, eG, gGsp, T3G, and 3T3G1 are unique compared with most class j NBS probes, because they target class j candidate disease-resistance genes, but do not have NBSencoding sequences. To varying degrees, these five clones do not cross-hybridize to 10-15 restriction fragments in a genomic Southern blot like class j NBS probes. Therefore, these five probes could be useful for differentiating resistance gene candidates between soybean cultivars and breeding lines. 
Evidence for several tightly linked genes controlling SMV infection
Seven of the 19 F 2 lines that had a recombination within the Rsv1 chromosomal region (i. e., intrachromosomal region flanked by Rsv1 and Rpv1) show an Rsv1 genotype not in concordance with their molecular marker data. F 2:3 families derived from F 2 lines 647, 938, 943, and 982 segregated for the SMV-G1 reaction (see Table 1 ), indicating that they have a heterozygous genotype for an SMV resistance gene. However, according to their marker data, the four F 2 lines are homozygous susceptible at the mapped Rsv1 locus. Similarly, F 2 lines 128, 248, and 957 should have a heterozygous genotype for Rsv1 based on marker data, but all F 2:3 plants tested show resistance to SMV-G1. Taken together, the disease reaction and marker data from these seven F 2 lines imply that one or more tightly linked genes besides Rsv1 conditions resistance to SMV in PI 96983. These observations contradict all previous genetic data, which indicate that a single, dominant gene mediates SMV resistance in PI 96983. However, in most previous cases the F 2 population used to characterize or map the Rsv1 locus in PI 96983 was not large enough to rule out the possibility of other tightly linked genes controlling SMV infection. The occurrence of several tightly linked genes conferring resistance to a specific pathogen also exists in flax (Linum usitatissimum) (M), lettuce (Lactuca sativa) (Dm3), tomato (Lycopersicon esculentum) (Cf-9), and rice (Oryza sativa) (Xa21) (Ellis et al. 1995; Meyers et al. 1998; Parniske and Jones 1999; Song et al. 1997) .
Results of studies conducted by Chen et al. (1991; suggest that in many soybean crosses of Rsv1-resistant and -susceptible lines, F 1 s (i.e., heterozygotes) often show systemic necrosis upon viral infection. In the cross between PI 96983 and 'Lee 68', however, systemic necrosis is rarely observed in F 1 s when inoculated with SMV-G1. Indeed, in most of the F 2:3 families tested in the present study, no systemic necrosis was observed in F 2:3 families segregating for SMV-G1 reaction. By contrast, a high percentage of F 2:3 plants grown from F 2 lines 647, 709, 896, 938, 943, 982 , and 1044 developed systemic necrosis after inoculation with SMV-G1 ( Fig. 3; Table 1 ). Each of these seven F 2 lines has undergone a crossover near Rsv1 that has recombined the class j multigene NBS family (i.e., they lack an RFLP band detected in PI 96983 by probes gG and gGsp; Table 1 ). Presumably, recombination of this multigene resistance family has somehow disrupted the molecular mechanisms of SMV-G1 recognition and containment (i.e., hypersensitive response), allowing systemic necrosis to develop. Interestingly, there appears to be a relationship between presence or absence of specific RFLP bands detected by probes gG and gGsp in these seven F 2 lines and the percentage of their progeny developing necrosis after inoculation with SMV-G1 Genome Vol. 45, 2002
Fig. 2.
Comparison of Rsv1 and Rpv1-linked RFLP bands among 11 differential soybean cultivars and breeding lines. DNA size standards (MW) are indicated as kilobase pairs. Lanes 1 and 2 are 'Lee 68' and 'Williams', respectively (both susceptible to all strains of SMV and PMV). Lane 3 is L81-4420, a near-isogenic line (NIL) of 'Williams', carrying Rsv1 and Rpv1 from PI 96983 (lane 4). Lane 5 is 'Buffalo' (containing an allele of Rsv1 and an uncharacterized PMV resistance gene). Lanes 6 and 7 are 'Ogden' and 'Marshall' (each carry a different allele of Rsv1 and both are susceptible to PMV-P1). Lane 8 is PI 507389 (exhibiting a necrotic reaction to SMV-G1 conferred by an allele of Rsv1 and is susceptible to PMV-P1). Lane 9 is 'Kwanggyo' (containing an allele of Rsv1 and an uncharacterized PMV resistance gene). Lane 10 is 'York' (which has a resistance allele at both the Rsv1 and Rpv1 loci). Lane 11 is CNS (which exhibits a resistance reaction to PMV as mediated by a single, dominant PMV resistance gene, but is susceptible to SMV). (A) Autoradiograph of the HindIII-digested DNA samples separated on an agarose gel and probed with gG. (B) Autoradiograph of the same Southern blot, but hybridized with RFLP probe, gGsp. The gG and gGsp probes are derived from genomic sequences that exclusively flank class j NBS genes, and thus specifically tag a group of class j NBS resistance gene candidates on linkage group F. RFLP probe gGsp detects a subset of the bands detected by gG. Therefore, gGsp and gG hybridize an identically sized RFLP band in PI 96983 (gGspA and gGc, respectively) and 'Lee 68' (gGspB and gGd, respectively). The signal intensity of gGd, gGspB, and gGf suggest that each band is actually two comigrating HindIII restriction fragments. Further research will be required to validate this hypothesis.
RFLP bands detected in PI 96983
Segregation (3(R + N): 1S) Note: The gG and gGsp probes detect four (gGb, gGc, gGf, and gGg) and two (gGspA and gGspC) dominant polymorphic RFLP bands on a Southern blot of HindIII-digested genomic DNA from PI 96983, respectively. These two probes target candidate disease-resistance genes that are members of class j NBS on linkage group F. SMV-G1 reaction data were collected from F 2:3 families derived from F 2 individuals. These seven F 2 lines have a high percentage of progeny developing systemic necrosis after inoculation with SMV-G1. ( Table 1 ). For example, F 2 lines 709 and 896 both have similar percentages of necrotic progeny and lack RFLP bands gGb, gGspA, gGc, and gGg. A comparable relationship also is seen for F 2 lines 938 and 982, each of which only possess RFLP band gGb. F 2 line 943 is the only line out of 1056 F 2 lines that possesses RFLP band gGf without gGspC and has the highest incidence (61%) of progeny showing necrosis from SMV-G1 infection. The common response of these lines suggests that both gene dosage effects and presence or absence of certain members of the multigene resistance family may alter the host-virus interaction. This lends further credence to the hypothesis that several tightly linked genes recognize and respond to SMV infection and that these genes work in concert.
Variability of resistance-gene candidates
The utility of RFLP probes gG and gGsp for the screening of SMV or PMV resistance in eleven differential soybean cultivars and breeding lines was investigated. These eleven soybean accessions were chosen because of their differential disease reactions to SMV and PMV (see Materials and methods for further details). RFLP probes gGsp and gG were selected for the genotypic analysis because these two low-copy probes target a group of class j NBS resistance gene candidates and hybridize to RFLP bands that cosegregate with either Rsv1 or Rpv1. Both probes detect multiple RFLP bands in a Southern blot of HindIII-digested genomic DNA from each accession ( Figs. 2A and 2B) . gGb is only observed in accessions having PMV resistance ( Fig. 2A, lanes 3, 4 , 5, 9, 10, and 11) and gGspC is only detected in accessions with resistance to SMV mediated by Rsv1 (Fig. 2B, lanes 3, 4, 5, 6 , and 7). Cultivar 'York' (Fig. 2B , lane 10) appears to have a unique allele of Rsv1, and the source of SMV resistance in 'Kwanggyo' (Fig. 2B , lane 9) might be a class j NBS family member detected by probe gG (Fig. 2A, lane 9) and not gGsp.
Together, gGsp and gG detect 11 unique banding patterns in the nine differential soybean cultivars and breeding lines resistant to either SMV and (or) PMV. This implies that an extremely high level of polymorphism exists within the disease-resistance gene cluster on linkage group F. The apparent resistance gene candidate variability between accessions having an allele of Rsv1 might explain why some accessions are resistant to more virulent strains of SMV (G2-G7), whereas others are necrotic or susceptible (for a review of phenotypic responses of differential soybean genotypes to SMV strains see Chen et al. 1994 ). However, a similarity in banding patterns exists between virus-resistant accessions and PI 96983, thus providing evidence for the tight linkage of their Rsv1 and (or) Rpv1 loci with bands detected by gG and gGsp. For example, resistant NIL L81-4420 has the same RFLP pattern as PI 96983 (donor parent), but a different pattern from its recurrent parent, 'Williams' (Figs. 2A and 2B, lanes 2, 3, and 4) . 'Buffalo' and PI 96983 have identical banding patterns ( Figs. 2A and 2B , lanes 4 and 5), indicating that they share the same linkage block around Rsv1; furthermore, this observation suggests that PMV resistance in 'Buffalo' is likely conferred by an allele of Rpv1.
The high-resolution map saturated with markers targeting resistance genes and F 2 lines that carry a chromosome with a crossover near Rsv1 (recombinant lines) will facilitate the next phase of research concentrating on cloning Rsv1. We have identified resistance-gene candidates and developed recombinant lines that incorporate one or several of these gene candidates. Complementation studies of gene candidates selected using class j NBS and related genomic probes and SMV reaction studies of fixed recombinant lines should further elucidate the role of class j genes in conditioning resistance to SMV and PMV. Fig. 3 . Systemic response. An F 2:3 plant derived from F 2 line 982 expressed characteristics of systemic necrosis two weeks after inoculation with SMV-G1. Necrotic lesions and veinal necrosis on trifoliolate leaves at the second node above the leaf inoculated are shown. Eventually, the necrotic trifoliolate leaves became desiccated and fell from the plant.
